Common juniper (Juniperus communis L.) is by far the most widespread conifer in the world. However, tree-ring research dealing with this species is still scarce, mainly due to the difficulty in crossdating associated with the irregular stem shape with strip-bark growth form in older individuals and the high number of missing and wedging rings. Given that many different species of the same genus have been successfully used in tree-ring investigations and proved to be reliable climate proxies, this study aims to (i) test the possibility to successfully apply dendrochronological techniques on common juniper growing above the treeline and (ii) verify the climate sensitivity of the species with special regard to winter precipitation, a climatic factor that generally does not affect tree-ring growth in all Alpine high-elevation tree species. Almost 90 samples have been collected in three sites in the central and eastern Alps, all between 2100 and 2400 m in elevation. Despite cross-dating difficulties, we were able to build a reliable chronology for each site, each spanning over 200 years. Climate-growth relationships computed over the last century highlight that juniper growth is mainly controlled by the amount of winter precipitation. The high variability of the climate-growth associations among sites, corresponds well to the low spatial dependence of this meteorological factor. Fairly long chronologies and the presence of a significant precipitation signal open up the possibility to reconstruct past winter precipitation.
Introduction
Trees growing at their uppermost or northernmost limits have long attracted scientists. Indeed, these areas usually offer a clear representation of the activity of an environmental driver, namely temperature, which is able to set a limit to growth and distribution of the tree life form. This feature, together with other peculiarities such as the presence of a relatively undisturbed area with respect to sites at lower elevation the presence of more long-lived individuals, contributes to treeline being a key topic with a very rich literature and longstanding research history in plant ecology (Körner 2012) . In the last decades, the discussion on global change has further increased the attention of the scientific community on these temperature-limited ecosystems. Indeed, they are highly sensitive to even minor temperature variation related, for example, to climate variability (Körner 2012) or microtopographical settings (Bunn et al 2011 , Bunn et al 2005 , Carrer and Urbinati 2001 and play a major role in various feedback mechanisms within the climate system with significant effects at global scale e.g. the treeline advance (Grace et al 2002 , Devi et al 2008 , Harsch et al 2009 or the change in the terrestrial albedo (Bonan et al 1995) .
The Alps are one of the most studied areas for high elevation forests and their relationships with climate (Holtmeier 2009 , Tranquillini 1979 ; the most investigated species are conifer trees (Larix decidua, Pinus cembra, Picea abies, Pinus sylvestris, Abies alba). In this area tree species usually have the typical erect life form, once they reach 2-4 m in height they become closely coupled to prevailing atmospheric conditions and for this reason temperature is generally the key limiting factor for tree growth (Carrer and Urbinati 2004 , Büntgen et al 2005 , Frank and Esper 2005 , Carrer and Urbinati 2006 . In the Alps, as in most of the high-latitude regions (St George 2014) , precipitation, and specifically winter precipitation, is rarely a limiting factor for tree growth if we exclude some special cases where a mechanical action, linked to avalanches or slow mass movement, is involved (Holtmeier and Broll 2010 , Smith et al 2003 , Casteller et al 2007 . This is why in the Alps almost no investigations found the clear presence of a tree growth sensitivity to precipitation or, within a long-term perspective, no clear precipitation signal has ever been detected in high elevation treering sequences (Büntgen et al 2008 , Carrer et al 2007 , Frank and Esper 2005 . Nonetheless, in many regions snow cover emerged as an important driver of tree and shrub growth by providing a constant cover and protection against frosts during the early growing season (Wipf et al 2009 , Rixen et al 2010 , and increasing the nutrient supply (Hallinger et al 2010) . In contrast, massive snowpack could delay the onset of the growing season (Kirdyanov et al 2003 , Schmidt et al 2006 , Vaganov et al 1999 , reducing the duration of cambial activity.
The absence of a precipitation signal in the Alps with the consequent impossibility to adopt tree-ring sequences as a proxy to infer past precipitation conditions still represents a gap in our knowledge. Indeed, short-and long-term water cycle dynamics in a densely populated mountain area such as the Alps could have major social and environmental effects, from the collapse of the glaciers mass balance (Haeberli and Beniston 1998, Beniston 2012) , to freshwater resource management (Viviroli et al 2011) or the permanence of a winter snow pack fundamental for many alpine plant species but also for winter tourism and related activities (Elsasser and Burki 2002, Morrison and Pickering 2013) . To fill this gap, we directed our attention on a different species that grows at the same elevation as or higher than the other conifer species, but which could be sensitive to winter precipitation: common juniper (Juniperus communis L.).
The species has a wide distribution in the Alps, as in the whole northern hemisphere, and its slow growth, associated with high longevity, are the main reasons for considering the possibility of applying dendrochronological techniques to find a reliable climatic signal within ring-width sequences.
Our underlying hypothesis refers to the height of the species at high elevation, no taller than 0.5 meters, and therefore usually beneath the snow cover during wintertime. Since juniper does not start growing until it is free of the snowpack (Hantemirov et al 2000) , we will test the hypothesis that shrub growth is linked to winter precipitation, based in snowpack depth. The objectives of the study are twofold: (i) to assess the possibility of building reliable juniper ring width chronologies in the Alps; (ii) verify the sensitivity of the species to precipitation, and especially to winter snowfalls.
Material and methods

Study area
Juniper ring chronologies were built for three sites in the central and eastern Alps (figure 1). The study areas were: Ventina (VEN, 46°18'N, 9°46'E, 2200 m a.s.l.), VinschgauVal Venosta (VIN, 46°38'N, 10°31'E, 2300 m a.s.l.) and Croda da Lago (CDL, 46°28'N, 12°07'E, 2150 m a.s.l.). The substrate differs at the sites, with dolomite and limestone with shallow rendzic leptosols at CDL, and igneous, volcanic and metamorphic silicates (i.e. granite, porphyry, gneiss and phyllite) with spodosols and podzols at VEN and VIN. Annual (and winter) precipitation also varies, with 608 (327) mm in Vinschgau, 1068 (615) mm in Croda da Lago and 1196 (681) mm in Ventina (figure S1). In our study winter was defined as the period from October through May, when precipitation normally falls as snow at our research sites.
Ring width measurements and crossdating
Most samples were collected above the treeline, between 2100 and 2400 m a.s.l., by randomly selecting the shrubs (figure 2) and saw-cutting one of the main stems that depart from the root collar to obtain a disk. During summer 2012 we collected and measured a total of 91 samples both dead and alive, at the three sites: 22 in VIN, 27 in CDL and 42 in VEN. At the same sites we also collected cores from larch (L. decidua) at the timberline-treeline belt (2000-2200 m) to compare juniper growth to that of a typical high elevation tree species often used in dendroecological investigation. We sampled 121 larches, 23 in VIN, 70 in CDL and 28 in VEN, collecting two cores per tree.
At the lab, disks and cores were sanded with progressively finer gridded sandpaper for a clear visualization of the rings and measured to the nearest 0.01 mm using a sliding stage micrometer interfaced with a personal computer (Aniol 1987) . Juniper stems have a typical lobate form resulting from irregular growth. For this reason, to obtain a more reliable representation of ring width, we measured two to four radii per disk. In some cases, to enhance the visibility of the ring -width sequences, we applied microscopic sample preparation through (i) cutting the disks into small pieces (3-5 cm); (ii) cutting thin sections (ca. 20 nm) with a microtome; (iii) staining them with safranin and permanently fixing with balsam (Gärtner and Schweingruber 2013). We then measured the rings as for the normal samples.
Crossdating was accomplished following the standard procedure (Stokes and Smiley 1968) : first by visual comparison of the 2-4 radii within each sample, then comparing radii from different samples. In this phase the presence of event rings, i.e. rings with a conspicuous feature within a limited section of the radius (Kaennel and Schweingruber 1995) assisted in finding the correct match among the series. Lastly, after computing the individual mean growth curve, dating and measurement errors were checked using the COFECHA program (Holmes 1983). Ring-width site chronologies were obtained from the crossdated ring-width series using the ARSTAN program (Cook and Holmes 1997) that was specifically developed to remove any biologically induced age-trends and transient disturbance pulses present in raw tree-ring series and to enhance the high-frequency year to year variability often associated to climate. In both species we applied a rather conservative detrending using a spline function with 50% frequency cut-off at 100 years. Individual series were therefore standardized by fitting the spline function to measured data series and dividing observed by expected values. Several statistical parameters were calculated to compare the chronologies: (i) mean sensitivity (MS), a measure of the relative difference in ring width between consecutive years, adopted to assess the high frequency variability of the series, (ii) first order autocorrelation (ac), a measure of the influence of previous year's condition on ring formation (Fritts 1976), (iii) the variance explained by the first principal component (PC1), and (iv) the mean correlation between samples (rbar) and the 'expressed population signal' (EPS) (Wigley et al 1984) to estimate the level of year-byyear growth variations shared by samples in the same site. Higher values of PC1 and rbar indicate higher synchronization in the annual growth patterns among samples and better common signal strength in the mean growth chronologies, while EPS is commonly adopted as a criterion for assessing mean chronology reliability.
Climate-growth association
Rather than take records from the closest weather stations, which may not be totally representative in a mountain area, we used the HISTALP gridded dataset (Auer et al 2007) . This dataset, valid for the Greater Alpine Region, is based on precipitation and temperature data from hundreds of weather stations firstly subjected to homogeneity tests and relative adjustments regarding elevation and changes of instrument position and type, then gridded on a 1°× 1°network and finally expressed as anomalies with respect to the 20th century mean (Auer et al 2005 , Böhm et al 2001 . We selected the climate data from the closest grid points to each study site and computed the growth/climate analyses over the 1876-2005 period. We investigated climate-growth associations by correlating each site chronology with monthly precipitation and temperature data from June of the previous year (t-1) to September of the current year (t). Seasonal data were also taken into account by considering the period from October to May (POM, TOM) when, at this elevation, precipitation mainly occurs as snow and the months from June to September (PJS, TJS) considered as the growing season. The bootstrap approach (Efron 1979) was applied to test the stability and significance of the outcomes. After 100 000 replications, each correlation was deemed significant at the 95% level if the ratio between the correlation coefficient (r) and the standard deviation of the bootstrap replications (s) was higher than |2| (Guiot 1991). Analyses were performed on the complete 130-year period as well as on two 65-year subperiods (1876-1940 and 1941-2005) .
Results
Ring-width measurements and crossdating
The irregular and lobate growth form of juniper stems frequently induces the presence of wedging (figure 3) and missing rings (i.e. rings that are absent in a sample due to failure of cambial activity Kaennel and Schweingruber 1995). To reduce the crossdating complexity we usually selected the least problematic and most representative radii, where the rings did not wedge out. Nonetheless, almost half of the samples collected (45 samples) could not be successfully crossdated. On the 46 dated disks (17 for VEN, 14 for VIN and 15 for CDL), we selected and measured an average of 2.4 radii per disk, for a total of 210 radii and 7146 rings. Within these samples we detected 142 frost rings (i.e. figure  S2 ). The larch chronologies were all longer, reaching up to 557 years for CLD, with the typical high mean sensitivity and common signal statistics of the species (Carrer and Urbinati 2006) . The PC1 and rbar values of the juniper chronologies are lower than those of the larch. In juniper the expressed population signal often results as lower than the threshold level of 0.85 (figure 4).
Climate-growth association
Two of the stations, VEN and CDL, show significant negative correlations between precipitation and ring growth with r/s coefficients lower than −2. Winter months, from September to January in VEN and from November to January in CDL show the most significant correlations. With winter precipitation (POM), we obtained a much higher and significant association (figures 5, 6). Splitting the time period in two, precipitation and especially the winter seasonal sum, confirmed the previous outcomes, being always significant although with less variability ( figure S3 ). At the third site, VIN, juniper ring widths were not related to either precipitation or temperature. We found that temperature is not a key factor for juniper growth; indeed it shows no significant coherent correlation with growth apart from for a few isolated months, corresponding to the late previous and current growing season. We found the opposite for larch, where precipitation Note: chronology statistics include mean ring width (MRW), mean sensitivity (MS) and first-order serial autocorrelation (ac) computed on the raw (indexed) ring-width series, the variance explained by the first principal component (PC1) and the mean interseries correlation (Rbar) computed on the raw (indexed) ring-width series. Site codes CDL, VEN, VIN correspond respectively to Croda da Lago, Ventina, and Vinschgau-Val Venosta respectively.
seems to play a negligible role both at monthly and seasonal level, whereas temperature has a highly significant effect that is clearly homogeneous among sites (figure 5).
Discussion
High elevation and high latitude are considered to be the areas most sensitive to climate change (IPCC 2007 (IPCC , 2013 . Indeed, climate is the major environmental driver of conifer growth at high altitude, where the limiting effect of temperature on tree growth is reflected in the prevailing significant correlation between tree-ring parameters and summer temperatures (Carrer and Urbinati 2004 , Büntgen et al 2005 , Frank and Esper 2005 , Carrer and Urbinati 2006 . At high altitude in the Alps tree growth seems not to be sensitive to precipitation, however, our study demonstrates that growth of a shrub conifer, J. communis, growing at the same or higher elevation, is influenced by winter precipitation. Many researchers investigated other species of the same genus (Juniperus thurifera, J. excelsa, J. occidentalis, etc) and the most common outcomes were a positive correlation between juniper growth and summer temperatures or precipitation when the species grew in temperature-(e. ) reported a positive effect of snow cover on J. nana at high latitude. In these regions (Northern Scandinavia), in contrast to our sites, higher snow accumulation would increase the insulation with warmer soil temperature promoting microbial activity. Shrub growth would benefit from a resulting increase in nutrient supply. Given the growing interest in the water cycle and the consequent effects at environmental level (Haeberli and Beniston 1998, Beniston 2012) , this study adds a valuable contribution, by providing the first example at midlatitude across Eurasia (St George 2014) of a long-living plant limited in growth by winter precipitation. We highlight a potential new proxy that could be useful in the Alps, an area where summer temperature has so far been the only climate signal detected in tree-ring chronologies.
Ring-width chronologies characteristics
The genus Juniper includes many long-living species (Brown 1996) in which ring-width chronologies have been shown to contain strong climatic signals (Treydte et al 2006 , Knapp et al 2001 , DeSoto et al 2012 . As the other species of the same genus, J. communis in the Alps has proved to register a climatic signal at least in two sites out of three. We detected the presence of frost rings in the ring-width sequences. Juniper is considered rather vulnerable to frost damage due to its thin bark, yet the presence of frost rings does not decrease with age (Hantemirov et al 2000 (Hantemirov et al , 2004 as observed in other tree species. The total number of these event rings we recorded is low, probably because the significant snow cover and late melting at high elevation delay the onset of cambial growth reducing the chance of being injured by an abrupt freeze (Hantemirov et al 2000) . This is likely why the highest number of frost rings are observed at VIN. This site has the lowest amount of winter precipitation, which implies a shallower snow cover that melts faster in spring increasing the chance of late frost damage. Furthermore, VIN sampling area is subjected to constant strong winds that blow away the snow cover (Whiteman and Dreiseitl 1984) , in some cases leaving the shrubs with a higher probability of being exposed to frosts (Bokhorst et al 2009) .
As reported by other authors, although not always confirmed (Bär et al 2008) , shrub growth is largely influenced by microenvironmental variability or local topography (Kivinen et al 2012 , Hantemirov et al 2000 ) that can differ between and within the same sites, inducing a corresponding variability between individual ring-width chronologies. Some of the chronology statistics, namely rbar and to a lesser extent EPS, mirror this ring-width variability dominated by individual rather than population variability. However, the fairly low values of these statistics are likely not species-or sitespecific as similar values have been reported by many authors working on the same genus (Liang et al 2012 , Hallinger et al 2010 , Sass-Klaassen et al 2008 , Zhu et al 2008 . Still, despite the difficulties in crossdating and the high individual variability (figure S2), the three site chronologies we built allowed us to compute reliable climate-growth associations. This represents a fundamental step for investigating how juniper reacts to winter precipitation.
Climate-growth association
The VEN and CDL sites demonstrate a significant negative correlation between accumulated winter precipitation and juniper ring width together with a weaker correlation with monthly precipitation. There are several reasons for the importance of using a seasonal correlation along with examining correlations with monthly data. We are dealing with a meteorological parameter, precipitation, which tends to accumulate over the winter months. Once juniper is covered by the first snowfalls in October/November, there is no direct effect from the amount of precipitation during the winter rest period. The negative correlation indicates that the higher the amount of winter precipitation is, the thicker the snowpack is and the narrower the rings are in the following growing season. This is supported by the fact that cambial activity does not start until after snowmelt (Hantemirov et al 2000) . In fact, a thicker snowpack usually takes longer to melt thus delaying the onset of cambial activity and shortening the growing season, with the resulting narrower ring formation. Late-persisting snow could also have a detrimental effect on growth through cooler soil temperature which can delay the onset or slow down the first phases of the growing season (Schmidt et al 2006 , Kirdyanov et al 2003 , Vaganov et al 1999 , Peterson and Peterson 1994 . In our study larch trees did not show any sign of this negative effect. This is further confirmation that the most plausible reason for the negative precipitation correlation in juniper is the physical effect of the snow cover that filters the incoming solar radiation blocking photosynthesis, rather than the collateral reduction in soil temperature. The only area with no significant growth-climate correlation for either precipitation or temperatures is VIN. The possible reason is the rather low quality of the common signal among the ring-width series highlighted by the low EPS value of the chronology. The VIN site is a zone exposed to strong wind, as is most of the high Vinshaug valley (Whiteman and Dreiseitl 1984) and due to this, the snow falling during winter is blown away, leaving the ground almost bare. A lack of snow cover implies a potential earlier start of cambial activity, with the consequence of no correlation with winter precipitation. The higher presence of frost rings due to late frosts could also be evidence of an earlier onset of cambial activity: the probability of freezing injuries is higher with an earlier start to the growing season. Temperature did not affect ring-width formation at any of our sites, which confirms, although surprisingly, the weak influence of this factor on juniper growth. Indeed, it is well-known that temperature is the key limiting factor for tree growth at high elevation, as confirmed by our comparison with larch growing in the same areas. This is Figure 5 . Climate-growth associations between the three ring-width site chronologies and total monthly precipitation and mean monthly temperatures for the previous (June-December) and current (January-September) year plus the seasonal precipitation sum and temperature mean from previous October to current May and from current June to September. Standardized coefficients were obtained by dividing the mean correlations by their standard deviations after the bootstrap replications. They express the significance of monthly parameters. Values above |2| are significant at p < 0.05. Comparison between the cumulative winter precipitation from October to May (blue lines) and ring-width indexed chronologies of Croda da Lago (CDL) and Ventina (VEN), the two sites that show a significant association with this precipitation parameter. The second Y axis related to precipitation sum has been reversed for a better visualization. Pearson correlation coefficients (r) are also shown, both are significant at P < 0.001.
likely due to the fact that trees are more closely coupled to air temperature. A similar result, has been recorded on another prostrate shrub, Salix arctica, in Greenland (Schmidt et al 2006) . Even if other investigations at high-latitudes report that temperature, and especially summer temperature, is the key environmental factor driving shrub growth (Bär et al 2008 , Buchwal et al 2013 , Weijers et al 2013 , Buras et al 2012 , Hallinger and Wilmking 2011 , at mid-latitude, at least in the Alps, common juniper is seemingly less affected than trees by air temperature. Indeed, with its prostrate growth form juniper grows within the boundary layer and is likely more influenced by soil temperature. Furthermore, the topography, aspect and landscape heterogeneity influence the persistence of snow at local level (Kivinen et al 2012) and this also explains to some extent the high variability between samples. However, despite this high individual and spatial variability the winter precipitation signal seems to be fairly stable in time as it is significant for both the subperiods analyzed ( figure S3 ). The increasing or decreasing of this winter precipitation signal could likely be connected with the not uniform climate data quality and with the corresponding variability in time of the common signal as shown by the running EPS values (figure 4).
Conclusion
We demonstrated that, despite the challenging crossdating, it is possible to built centuries-long chronologies with common juniper. In addition, we found a significant winter precipitation signal in the ring-width chronologies of two of our three research sites. As a prostrate shrub J. communis seems better coupled with the soil surface rather than the air temperature. This is probably one of the reasons why the influence of air temperature on ring-width formation seems less significant. This study is just a pilot investigation. Future research will be directed to (i) enlarging the sample size, paying attention to collecting more sections along the stem to obtain a more reliable representation of plant growth and to reduce the risk of losing any information due to missing rings ; (ii) extending back in time the ring-width series, considering the high potential to generate longer chronologies than these with additional collections including also dry dead wood remains; and (iii) extending the sites network across the Alps. If the climatic signal we detected is confirmed, this will provide a baseline for a possible reconstruction of past winter precipitation variability in the region. Our results suggest that J. communis ring width chronologies may serve as a winter precipitation proxy in the Alps.
